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abstract: Imbalances in phylogenetic diversity could be the result
of variable diversification rates, differing limits on diversity, or a
combination of the two. We propose an approach to distinguish
between rates and limits as the primary cause of phylogenetic im-
balance, using parasitic plants as a model. With sister-taxon com-
parisons, we show that parasitic plant lineages are typically much
less diverse than their autotrophic sisters. We then use age estimates
for taxa used in the sister-taxon comparisons to test for correlations
between clade age and clade diversity. We find that parasitic plant
diversity is not significantly correlated with the age of the lineage,
whereas there is a strong positive correlation between the age and
diversity of nonparasitic sister lineages. The Ericaceae sister pair
Monotropoideae (parasitic) and Arbutoideae (autotrophic) is suffi-
ciently well sampled at the species level to allow more parametric
comparisons of diversification patterns. Model fitting for this group
supports ecological limitation in Monotropoideae and unconstrained
diversification in Arbutoideae. Thus, differences in diversity between
parasitic plants and their autotrophic sisters might be caused by a
combination of ecological limitation and exponential diversification.
A combination of sister-taxon comparisons of diversity and age,
coupled with model fitting of well-sampled phylogenies of focal taxa,
provides a powerful test of likely causes of asymmetry in the diversity
of lineages.
Keywords: diversification rates, sister-taxon comparisons, dated phy-
logenies, parasitic plants, ecological limitation.
Introduction
Some evolutionary lineages are exceptionally species rich,
whereas others are species poor. Stochastic models of phy-
logenetic diversification fail to account for much of the
observed unevenness of diversity across lineages (Guyer
and Slowinski 1993). Deterministic explanations have fo-
cused almost exclusively on among-clade differences in
diversification rates (Eriksson and Bremer 1992; Sanderson
and Donoghue 1994, 1996; Jones et al. 2005). However,
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if there are extrinsic, ecological limits on the absolute di-
versity of clades, those limits might be more important
than differences in diversification rate in determining ex-
tant diversities (Raup 1972; Sepkoski 1978; Rabosky
2009a).
Several studies have detected a temporal decline in di-
versification rates within clades (e.g., Harmon et al. 2003;
Weir 2006; Rabosky and Lovette 2008), and for many
groups, diversity appears to be unrelated to clade age (e.g.,
Magallo´n and Sanderson 2001; Ricklefs 2006; Ricklefs et
al. 2007; McPeek 2008). Rabosky (2009b) used a simu-
lation approach to test three possible explanations for why
a positive clade age–to–clade diversity relationship might
break down: (1) extreme variation in diversification rate
among lineages; (2) clade volatility (Gilinsky 1994), in
which extinction rate covaries with speciation rate; and
(3) density-dependent diversification (Sepkoski 1978; Nee
et al. 1992), in which diversification rates decrease as a
function of the number of species within a clade. In Ra-
bosky’s simulations, a positive clade age–to–clade diversity
relationship broke down only under density-dependent
simulations. One potential biological mechanism that
could result in density-dependent diversification (and the
only mechanism that has been proposed in the literature)
is ecological limitation of diversity. Under this scenario,
speciation is more likely when resources are abundant and
unexploited, and diversification slows when intra- and in-
terspecies competition increases (Walker and Valentine
1984; Schluter 2000).
Processes other than those tested by Rabosky (2009b)
could also result in diversities being unrelated to lineage
age. In the continuous-decline model of Rabosky and
Lovette (2008), interactions among species within a clade
do not limit diversity. Diversification decreases continu-
ously through time but not directly as a function of the
number of species in the lineage. Rabosky and Lovette
(2008) proposed the continuous-decline model as a null
hypothesis, to be rejected before a density-dependent
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model is assumed for cases in which diversification rates
decrease over time. However, even when the continuous-
decline model fits the pattern of diversification better than
density-dependent models, ecological regulation remains
a plausible explanation. The diversification process could
be a function of the number of contemporaneous co-
occurring species from multiple clades, or diversification
rates could decrease as ecosystems shrink.
Diversification heterochrony, in which diversification
rates within a clade fluctuate over time, could also result
in lineage diversities being independent from lineage age.
Methods designed to detect changes in intraclade diver-
sification through DNA sequence–based phylogenies of ex-
tant taxa commonly assume that speciation rates are, on
average, greater than extinction rates (e.g., Hey 1992). Pa-
leontological data are more consistent with alternating
phases of increasing (low extinction) and decreasing (high
extinction) diversity (Niklas 1997; Quental and Marshall
2010). Mass-extinction events (e.g., those caused by biome
shrinking associated with climate change) could lower the
ecological lineage-carrying capacity of a particular envi-
ronment to a level that erases previous differences in di-
versity among lineages. More pervasively, any clade of ex-
tant species purported to have undergone a temporal
decrease in diversification rate and assumed to have ap-
proached an equilibrium level of diversity might instead
be in a period of declining diversity (Quental and Marshall
2010).
Hardy and Cook (2010) classified factors that could
modulate species diversity as attributes of individuals, spe-
cies, ecosystems, and environments, but attributes across
classes are interconnected. Species-level traits such as pop-
ulation size are produced by interactions between indi-
vidual phenotypes (e.g., trophic mode, reproductive rate),
environmental parameters (e.g., primary productivity, ge-
ology), and ecosystem parameters (e.g., niche space). Like-
wise, ecosystem traits result from integration of the phe-
notypic variation present in a community of species and
environmental features. For diversification studies it is use-
ful to combine species-level and ecosystem attributes into
a single ecological class so that a distinction can be drawn
between the direct impacts of ecological parameters on
diversification rates and the indirect effects of individual-
and environmental-level traits. As an example, an indi-
vidual-level attribute such as trophic mode affects diver-
sification rates only indirectly through its effect on
ecological attributes such as population size, genetic struc-
ture, resource availability, and niche dimensions. It is also
important to note that whereas the population genetic or
species-level components of the ecological class might di-
rectly contribute to differences in diversification rates, only
the ecosystem components can impose limitations on ab-
solute diversity.
In this study, we aim to develop an approach that can
tease apart the likely causes of trait-associated differences
in diversity. First, we test whether a binary trait affects
diversity, using sister-taxon comparisons (Vamosi and Va-
mosi 2005). Then, we attempt to distinguish between two
likely causes for trait-associated diversity differences: dif-
ferences in diversification rates and differences in ecolog-
ical limits on diversity. Sister-taxon comparisons have been
used extensively to test whether specific traits (e.g., key
innovations) are associated with changes in diversification
across clades (e.g., Mitter et al. 1988; Wiegmann et al.
1993; Lengyel et al. 2009; Hardy and Cook 2010). Intra-
clade tests of temporal diversification rate variation can
be confounded by interactions between speciation and ex-
tinction rates and the inability to sample from extinct
species (Quental and Marshall 2010; Rabosky 2010; Par-
adis 2011a, 2011b). Sister-taxon comparisons make fewer
assumptions about the diversification process and there-
fore do not share these problems. Sister-taxon compari-
sons can also be performed without detailed estimates of
phylogenetic relationships within focal clades and are thus
able to incorporate elements of extant biodiversity that
could not be the subject of intraclade approaches.
In this study, we expand on ideas proposed by Rabosky
(2009a) and extend the sister-taxon comparison approach
in what we call the “sister-taxon-age” approach. We use
the timing of sister-taxon divergences to help distinguish
between diversification rate differences and bounds on di-
versity as the cause of phylogenetic diversity imbalance.
We use parasitic plants as the model system because they
are well suited for this application. A parasitic trophic
mode has evolved repeatedly among seed plants (Nickrent
et al. 2005; Merckx and Freudenstein 2010; Westwood et
al. 2010), and phylogenetic relationships and divergence
times between parasitic plant lineages and their auto-
trophic sister taxa are reasonably well known (table 1). We
expect that host association in parasitic species will impose
niche constraints that limit diversity of parasitic clades.
Rabosky (2009a) first suggested that diversification rate
variation could be differentiated from ecological limitation
in the context of sister-taxon analyses if the timing of
sister-taxon divergence were considered. A positive cor-
relation between the difference in diversity of sister lin-
eages and the age of their most recent common ancestor
(MRCA) is indicative of differences in diversification rate;
a lack of correlation points to ecological limitation. Ra-
bosky’s models of the diversification of sister lineages
through time are symmetric, with both lineages diversi-
fying exponentially (without ecological limitation) or lo-
gistically (with ecological limitation; fig. 1A, 1B). Alter-
natively, only one lineage of the sister pair might be under
ecological regulation. If sister lineages diversified expo-
nentially until one saturated an adaptive zone, the size of
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Figure 1: Theoretical models of diversity through time. Rabosky’s
(2009a) symmetric models in which sister lineages diversify (A) ex-
ponentially, without ecological limits on diversity (symmetric un-
bounded model), or (B) logistically, under ecological regulation
(symmetric ecological limitation model). Alternatively, only one in
a pair of sister lineages could be under ecological regulation. In C,
diversification rates of each sister lineage are exponential, until one
approaches ecological limits and slows (asymmetric ecological lim-
itation model). In each, the diversity of one sister taxon is indicated
by a dashed line and the diversity of the other sister by a solid line.
the difference between sister-lineage diversities should also
be positively correlated with MRCA age (fig. 1C).
We can distinguish among these models by comparing
the relationship between MRCA age and diversity inde-
pendently across taxa having a trait of interest and sister
taxa lacking that trait (fig. 2). Using parasitic plants as an
example, if diversity is positively correlated to MRCA age
across parasitic plant lineages and in their autotrophic
sister groups, the data fit the symmetric unbounded model
(fig. 2A). If diversity is unrelated to lineage age in both
parasitic and autotrophic lineages, the data fit the sym-
metric ecological limitation model (fig. 2B); both lineages
are ecologically limited. On the other hand, if diversity of
parasitic plants is not related to lineage age, whereas the
diversity of autotrophic sister groups is, the data fit an
asymmetric ecological limitation model (fig. 2C).
We complement a sister-taxon-age analysis of the effect
of parasitism on plant diversity with an intraclade inves-
tigation of diversification rate evolution within a group
that has been well sampled phylogenetically: parasitic
Monotropoideae (Ericaceae) and its autotrophic sister
group Arbutoideae. We examine lineage through time
(LTT) plots and compute the gamma statistic (Pybus and
Harvey 2000) to assess whether diversification has been
constant through time or whether it has slowed. We then
compare the fit of explicit density-dependent, continuous-
decline, and constant-rate birth-death models of
diversification.
Material and Methods
Data and Phylogeny
We compared the diversities of 10 haustorial (parasitizing
other plants) and eight mycoheterotrophic (parasitizing
mycorrhizae) parasitic plant lineages (4,398 species, cov-
ering about 80% of the known parasitic plant lineages) to
their sister groups (76,861 species; table 1). Phylogenetic
relationships followed those of the Angiosperm Phylogeny
Group website (http://www.mobot.org/mobot/research
/apweb/) and published studies (table 1), or, in two cases
(Ericales and Boraginaceae), they were estimated here.
DNA sequence data sets were downloaded as unaligned
Fasta files via PhyLoTA rel 1.5 (Sanderson et al. 2008). To
limit the size of the data sets, one sequence was retained
per species. DNA sequences were aligned with MAFFT
(Katoh 2008). Noncoding alignments were filtered through
Gblocks to remove hypervariable regions (Talavera and
Castresana 2007). For Gblocks executions the allowed gap
positions was set to half, the minimum length of a block
was set to 5, and the maximum number of contiguous
nonconserved positions was set to 12. Filtered, noncoding
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Figure 2: Uncovering trait-associated diversity dynamics with the sister-taxon-age approach. Different relationships between diversity and
most recent common ancestor (MRCA) age are expected under the (A) symmetric unbounded model, (B) symmetric ecological limitation
model, and (C) asymmetric ecological limitation model. From each replicated evolution of the trait of interest, we estimate the diversity
of the clade that has the trait, the diversity of its sister clade, and the age of the MRCA of those two clades (i.e., for each MRCA age we
record two diversities). We then test for correlation between MRCA age and (1) diversity of clades with the trait and (2) diversity of sister
clades that lack the trait. In the tree schematics, clades of species having the focal trait are shown in white, clades of species lacking that
trait are shown in gray, and clade width is proportional to species diversity. For each model we show three sister relationships, but scatterplots
represent data from 20 relationships. In scatterplots, diversities of clades with the trait are represented by open circles, and the best-fitting
linear model for the relationship between diversity and clade age is shown with a solid line, whereas diversities of clades lacking the trait
are represented by filled squares, and the linear models are shown with dashed lines. Lines with a zero slope indicate cases in which there
is no correlation between clade diversity and clade age (and a linear model is a poor fit). Note that in contrast to figure 1, which shows
lineage-through-time plots for diversities of a single sister pair, here scatterplots show relationship of diversity to time across clades.
alignments were then combined with protein-coding align-
ments in Mesquite v 2.73 (Maddison and Maddison 2012).
The first-pass data sets we used for Ericales and Bora-
ginaceae were large (Ericales, 2,651 species and 11,443
alignment positions; Boraginaceae, 555 species and 4,055
positions). A Python script was used to subsample the one
(Boraginaceae) or two (Ericales) exemplars per genus with
the most sequence data. Maximum likelihood (ML) phy-
logenies were estimated with RAxML v 7.0.4 (Stamatakis
2006). Each data set was partitioned by genome and codon
position, and parameters of a general time-reversible
(GTR) nucleotide substitution model with CAT approxi-
mation of among-site substitution rate variation were es-
timated independently for each partition for 100 non-
parametric bootstrap (BS) pseudoreplicates. Every fifth BS
tree was then used as the starting tree for a more thorough
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optimization of the original data set under GTR  G.
Support for relationships in ML trees was evaluated in two
ways: BS values and Shimodaira-Hasegawa (SH) test scores
on nearest-neighbor interchange topologies at each node
(Shimodaira and Hasagawa 1999). SH scores were cal-
culated by using the ML tree as a constraint in a FastTree
search (Price et al. 2010). Thus, the SH likelihood cal-
culations were performed under a single global GTR model
and not the multipartition GTR model used in the original
RAxML estimate.
Published DNA sequence–based phylogeny estimates
(Smith and dePamphilis 1998; Smith et al. 2000; Olmstead
and Ferguson 2001) have recovered Lennooideae either
(1) as sister to Ehretioideae or (2) in an unresolved po-
sition within Ehretioideae. Here we estimated relationships
among Boraginaceae lineages using sequences of matK,
rbcL, ndhF, and ITS from GenBank. The concatenated
alignment had 4,055 positions and 82 species after all but
one species from each sampled genus was excluded.
Phylogenetic analyses of DNA sequence data have typ-
ically recovered Mitrastemonaceae in an unresolved po-
sition within Ericales (Barkman et al. 2004; Nickrent et
al. 2004). Monotropoideae (including Pyroloideae) has
been recovered as sister to the rest of Ericaceae except
Enkianthoideae (Kron et al. 2002) or (excluding Pyrolo-
ideae) as sister to Arbutoideae (Freudenstein et al. 2010).
Here we estimate relationships among Ericales lineages
from an alignment with 11,443 positions and 520 species,
using sequences from 18S, 26S, atp1, atpB, ITS, matK,
matR, rbcL, nadhF, and trnL-F.
Sister-Taxon Comparisons
We performed classic sister-taxon comparisons (Vamosi
and Vamosi 2005) on the 18 available paired comparisons
to test whether the evolution of parasitism in plants is
associated with shifts in diversity. The comparisons were
automated with the Systers Python script (Hardy and Cook
2010) using the Wilcoxon signed-rank test. Orchids (Or-
chidaceae) are dependent on mycorrhizal fungi for seed
germination (Smith and Read 1997), and approximately
200 orchid species are achlorphyllous and mycohetero-
trophic throughout development (Gebauer and Meyer
2003). We were unable to compare the diversity of my-
coheterotrophic and autotrophic orchids because phylo-
genetic relationships among mycoheterotrophic and au-
totrophic orchid lineages are poorly known.
DNA sequence–based estimates have recovered Triuri-
daceae in an unresolved position within Pandanales (Chase
et al. 2000; Graham et al. 2005). It is unclear whether
Triuridaceae is more closely related to Velloziaceae or to
(Stemonaceae, [Pandanaceae, Cyclanthaceae]). Before the
analyses, we expected that parasitic lineages were less di-
verse than autotrophic sisters. If there was ambiguity as
to which lineage was sister to a parasitic lineage, we tried
to minimize our chance of confirming our expectations
by choosing the least species-rich autotrophic sister lineage
to include in analyses. We therefore assumed that the sister
group to Triuridaceae is Velloziaceae (the less diverse of
the two potential sister groups; the other is much more
diverse than Triuridaceae). Likewise, DNA sequence–based
estimates of relationships among Convolvulaceae lineages
(Stefanovic et al. 2003) have recovered the parasitic genus
Cuscuta as either sister to (1) a clade composed of Ipo-
meeae, “Merremieae,” and Convolvulae or (2) a clade
composed of Jacquemontieae, Maripeae, Cresseae, and Di-
chondreae. Both possible sister groups are more diverse
than Cuscuta, and here we use the less diverse of the two
(i.e., the latter).
The mostly parasitic broomrape family (Orobancha-
ceae) includes one genus (Lindenbergia) of nonparasitic
species. Published DNA sequence–based estimates of re-
lationships among Orobanchaceae lineages have recovered
conflicting relationships for Lindenbergia. It has been re-
covered as sister to the rest of the family excluding Reh-
mannia (Young et al. 1999; Oxelman et al. 2005; Wolfe et
al. 2005). Alternatively, it has been recovered as sister to
a small group of parasitic species (represented by species
in the genera Bungea, Cymbaria, Monochasma, Schwalbea,
and Siphonostegia), with Lindenbergia plus this group as
sister to the rest of Orobanchaceae (Bennett and Mathews
2006). Here, we have conservatively assumed that Linden-
bergia is sister to the rest of Orobanchaceae excluding
Rehmannia, since our expectation is that parasitic lineages
are less diverse than their autotrophic sister groups and
this arrangement minimizes our chance of accepting this
hypothesis.
Divergence Dating
MRCA ages for only 14 of 18 sister pairs used in the
diversity contrasts have been published or could be esti-
mated (table 1). Therefore, four of the sister groups used
in the diversity comparisons could not be included in
analyses seeking correlation between clade age and clade
diversity. Stem ages were taken from the TimeTree of Life
(Hedges et al. 2006; http://www.timetree.org/; the average
of the MRCA ages for each split was used) and other
published studies or were estimated here using PATHd8
(Britton et al. 2007) to accommodate among-lineage rate
variation using the mean path length method. We used
stem ages because the stem node represents the time of
divergence of the two sister lineages and, hence, sisters are
of equal age. Fossil calibrations used in divergence time
estimates are provided in table A1, available online.
Corsiaceae has been recovered as sister to the Liliales
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(Neyland 2002; Davis et al. 2004), although without strong
support. The monophyly of Liliales, excluding Campy-
nemataceae, has been strongly supported (Fay et al. 2006).
Published estimates of divergence times among monocot
lineages (Janssen and Bremer 2004) have not included data
from Corsiaceae, but if we accept that Corsiaceae is sister
to Liliales, there is a narrow window of about 5 million
years (Ma) between the stem and crown ages of Liliales.
We repeated our correlation analyses using crown (117
Ma) and stem (124 Ma) ages of Liliales to bracket the
range of possible Corsiaceae stem ages. Because the phy-
logenetic relationships of Triuridaceae are relatively un-
resolved, we use an estimate of 102 Ma for the crown age
of Pandanales (Magallo´n and Castillo 2009) as the age of
a split between Triuridaceae and Velloziaceae.
Correlation Tests
We tested relationships between MRCA age and (1) log
diversity of parasitic plant lineages and (2) log diversity
of nonparasitic sister lineages. We computed Kendall’s t
and Spearman rank correlations and two-tailed P values
and assessed the fit on linear models for the relationship
between MRCA age and log diversity using the R statistical
software environment.
Diversification of Monotropoideae  Arbutoideae
In our estimate of relationships among Ericales lineages,
Monotropoideae (excluding Pyroloideae) was recovered as
sister to Arbutoideae, as in Freudenstein et al. (2010; see
“Results”). Because phylogenetic data sets of the parasitic
Monotropoideae and Arbutoideae have near-perfect sam-
pling of species, we performed a more in-depth analysis
of diversification in that group. We aligned sequences sam-
pled from 10 of 11 species of Monotropoideae and 82 of
101 species of Arbutoideae spanning 5,124 positions from
the loci matK, rps2, 18S, 28S, ITS1, and ITS2. We used
BEAST v1.6.1 (Drummond and Rambaut 2007) to esti-
mate the joint posterior probability of a phylogenetic tree
with branch lengths proportional to time, along with the
parameters of a Yule model of the phylogenetic branching
process and an HKY  G model of nucleotide substitution
that was unlinked across data partitions (each codon po-
sition, ITS, and 28S  18S). The BEAST analysis assumed
a relaxed-clock, uncorrelated lognormal model of among-
lineage substitution rate variation. The estimate was fossil
calibrated with an exponential prior with an offset of 15.8
Ma on the age of Arctostaphylos (Wolfe 1964). The Markov
chain Monte Carlo analysis was run for 10 million iter-
ations, saving trees every 1,000 iterations after the chain
began to sample from the stationary distribution (deter-
mined by examining parameter traces). For Arbutoideae
and Monotropoideae separately, we produced LTT plots
and computed gamma statistics (Pybus and Harvey 2000)
using the R package APE (Paradis et al. 2004). We then
used the Monte Carlo constant rates (MCCR) test imple-
mented in the R package LASER (Rabosky 2006) to assess
whether the value of the gamma statistic was significant,
given the number of unsampled lineages in our data set.
It should be stressed that the diversification rate compar-
ison here is not between a parasitic clade and an auto-
trophic clade but within a parasitic clade and within an
autotrophic clade. Using this approach (arbitrarily choos-
ing which sister clades to compare), if we detect a depar-
ture from rate constancy in Monotropoideae, it might stem
from rate inconstancy from a subgroup within Monotro-
poideae; that is, the change in the gamma statistic might
not be contemporaneous with the origin of the parasitic
trophic mode. Therefore, to help determine where a shift
might have occurred, N. B. Hardy wrote an R script
(GammaSpot.R) that takes a Newick tree as input, com-
putes the gamma statistic for each subtree with more than
four tips, and sorts subtrees by gamma statistic value.
We also used LASER to compare the fit of density-
dependent (DDL, DDX) constant-decline (Rabosky and
Lovette 2008; SPVAR, EXVAR, BOTHVAR) and constant-
rate (pure birth and birth-death) models using Akaike
Information Criterion (AIC) scores. Models were grouped
into two classes: constant-rate models and changing-rate
models. Significance of the difference in AIC scores be-
tween the best-fitting model and the best-fitting model in
the other class (the dAICrc test statistic) was assessed
through simulation. One hundred birth-death trees were
simulated of the same size as the observed phylogeny, using
birth and death rates estimated from the real tree, with
the birthdeathSim function in LASER. For each simulated
tree, dAICrc statistics were calculated and used to create
a null distribution for comparison to observed dAICrc
statistics.
Results
Phylogenetic Analysis and Divergence Times
In the ML estimate of relationships among Boraginaceae
lineages, Lennooideae (represented by sequences sampled
from Pholisma arenarium) was recovered within the Eh-
retioidea as sister to Tiquilia (fig. A1, available online),
although the relationships had little BS support (0.23) and
the SH support was marginally nonsignificant (0.93). The
ML estimate of Ericales relationships (fig. A2, available
online) recovered very strong support ( ;BS p 0.94
) for a sister relationship between Mitrastemon-SH p 1
aceae and the rest of Ericales excluding Balsaminaceae,
Marcgraviaceae, and Tetrameristaceae (divergence age p
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Figure 3: Relationship between most recent common ancestor
(MRCA) age and clade diversity for parasitic plants and their au-
totrophic sister groups. Parasitic plant diversities are represented by
open circles; autotrophic sister group diversities are represented by
filled squares. Note that there is a pair of diversity records for each
MRCA age, one from the parasitic clade and the other from its
autotrophic sister clade (in two cases the parasitic group had a di-
versity of log(1) p 0 and is not shown). Parasitic plant diversity was
unrelated to MRCA age (adjusted , ); this re-2R p 0.0044 P p .51
lationship is represented by the solid horizontal line, with a y-inter-
cept equal to the mean value for parasitic clade diversity. Autotrophic
sister-group diversity was strongly correlated with MRCA age (ad-
justed , ); the best-fitting linear model is rep-2R p 0.42 P p .0070
resented by the dashed line. This figure matched the pattern expected
by the asymmetric limitation model, shown in figure 2C.
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Figure 4: Lineage-through-time plots for parasitic Monotropoideae
and its nonparasitic sister group, Arbutoideae. Species accumulation
in a parasitic plant lineage (Monotropoideae, solid line) appears
logistic and is in striking contrast to exponential diversification in
the nonparasitic sister group (Arbutoideae, dashed line). Log diversity
is plotted as a function of time (Ma).
Ma). Monotropoideae (excluding Pyroloideae) was re-99
covered as sister to Arbutoideae with strong support
( ; ; divergence Ma). Pyr-BS p 0.88 SH p 0.99 age p 70
oloideae was estimated to be sister to this group, with weak
support ( ; ). The age of the diver-BS p 0.37 SH p 0.66
gence between Parasitaxus and Lagarostrobus  Manoao
was estimated as 40 Ma.
Comparative Analysis
Parasitic lineages are much less diverse than their non-
parasitic sister groups (15 of 18 comparisons; P value from
all contrast metrics !.01). The diversity of parasitic plant
lineages was not related to MRCA age (Corsiaceae stem
age, 117 Ma: Kendall’s , ; Spearman’st p 0.12 P p .55
, ; Corsiaceae stem age, 124 Ma: Kendall’sr p 0.29 P p .31
, ; Spearman’s , ). Int p 0.17 P p .41 r p 0.31 P p .27
contrast, the diversity of nonparasitic sister groups was
correlated with MRCA age (Corsiaceae stem age, 117 Ma:
Kendall’s , ; Spearman’s ,t p 0.54 P p .0067 r p 0.69
; Corsiaceae stem age, 124 Ma: Kendall’sP p .0079 t p
, ; Spearman’s , ). A lin-0.54 P p .0067 r p 0.70 P p .0069
ear model was a poor fit to the relationship between MRCA
age and diversity in parasitic plants (adjusted 2R p
, ) but a good fit to the data from autotrophs0.0044 P p .51
(adjusted , ; fig. 3).2R p 0.42 P p .0070
LTT plots for Monotropoideae and Arbutoideae (fig. 4)
show a striking difference in diversification between these
sister groups. Whereas Arbutoideae appears to be diver-
sifying exponentially ( ; MCCR, ), the rateg p 4.10 P p 1
of Monotropoideae diversification has slowed significantly
( ; MCCR, ). The GammaSpot.Rg p 2.02 P p 0.020
script returned Monotropoideae in its entirety as the sub-
tree with the most extreme value of the gamma statistic.
For Arbutoideae, the best-fitting model was a constant-
rate birth-death model (speciation rate p 0.060, extinc-
tion rate p 0.051, dAICrc p 2.57, ). ForP p .001
Monotropoideae, the best-fitting model was a density-
dependent model in which the rate of decline of diversi-
fication increases with the number of species in a clade
(DDX: r1 [initial speciation rate] p 0.26, x [parameter
controlling magnitude of rate change] p 1.21), although
the fit of this model was not significantly better than a
pure birth model (dAICrc p 1.52, ).P p .11
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Discussion
Identifying ecological factors that shape the process of evo-
lutionary diversification is an important challenge in evo-
lutionary biology. Another challenge is to understand how
those factors shape diversification. Several traits have been
associated with changes in taxon diversity (e.g., trophic
generalization in birds; Phillimore et al. 2006). For the
most part, it has been assumed that diversity-changing
traits alter diversification rates or, more precisely, they alter
the value of a within-clade constant diversification rate.
However, ecosystems might be able to support only a finite
amount of species diversity (Rabosky and Glor 2010). Fur-
thermore, many extant clades might be in a phase of de-
clining diversity (Quental and Marshall 2010) that is
poorly reflected by constant-rate intraclade diversification
models. In our interpretation, intraclade diversity decline,
as well as equilibrium, might be the result of ecological
limitation on diversity.
Sister-taxon comparisons are less prone than are intra-
clade approaches to confounding interactions between
speciation and extinction and to the problems of not sam-
pling extinct lineages (Paradis 2011a). Also, through com-
parisons of clades with replicated origins of the trait of
interest, sister-taxon comparisons return a more robust
test of the correlation between the focal trait and changes
in diversity. We find strong evidence that parasitic lineages
are, in general, not as diverse as their nonparasitic sister,
indicating either lower diversification rates or ecological
limitation to diversity. If the cause is low diversification
rate rather than ecological limitation, there should be a
positive relationship between clade diversity and age, as
expected for unbounded diversification. However, our use
of the sister-taxon-age test finds that clade age and clade
diversity are unrelated (i.e., no pattern) in parasitic plants,
rejecting unbounded diversification in favor of ecological
limitation.
Wiens (2011) has been critical of the assumption that
a lack of relationship between clade age and clade diversity
is indicative of ecological limitation on diversity, suggest-
ing instead that it could reflect variation among clade di-
versification rates. However, for interclade diversification
rate variation to destroy the clade age–to–clade diversity
relationship, clade diversification rates would need to be
strongly biased by clade age; that is, the older the clade,
the slower the diversification rate. Otherwise, diversifica-
tion rate variation is just noise, and the clade age should
be positively related to clade diversity (Rabosky 2009b).
The sister-taxon-age approach has shown that clade age
is a poor predictor of species diversity in parasitic plants
but is a good predictor in their nonparasitic sister groups.
Intraclade analyses of diversification rate evolution in the
parasitic clade Monotropoideae and in its autotrophic sis-
ter group Arbutoideae mirrored the results of the sister-
taxon-age analysis. For Monotropoideae, the gamma sta-
tistic was negative, indicative of decreasing diversification
rates, and the best-fitting model was a form of density-
dependent diversification. For Arbutoideae, the gamma
statistic was strongly positive, and a constant-rate birth-
death model was a better fit than any of the rate-variable
models. However, a positive value for the gamma statistic
can also be generated under declining diversification
through time (Quental and Marshall 2009, 2010). There-
fore, we cannot rule out decreasing diversification in Ar-
butoideae on the basis of the gamma statistic alone. To-
gether with the intraclade model-fitting and cross-clade
sister-taxon-age analysis, though, a fairly robust picture
emerges for the effect of parasitism on plant
diversification.
Our results are therefore consistent with the hypothesis
that parasitic plants are species poor due to ecological
limitation. Of the three theoretical models resolvable by
sister-taxon-age comparisons, diversification of parasitic
plants and their sister groups best fits the asymmetrical
ecological limitation model (cf. figs. 2C, 3). The diversities
of parasitic plant lineages grow logistically and are pri-
marily limited by ecological constraints, whereas the di-
versities of nonparasitic sister groups grow exponentially
and are primarily limited by diversification rate. None of
the approaches used in this study resolves among specific
forms of ecological limitation. We cannot distinguish be-
tween the density-dependent, constant-decline, and het-
erochrony models, but for Monotropoideae  Arbuto-
ideae, LTT plots did not show the signature of mass
extinction (Crisp and Cook 2009), reducing the likelihood
of at least one type of diversification heterochrony.
Parasitic Orobanchaceae and Santalales are major ex-
ceptions to the generalization that parasitic plants are less
diverse than their autotrophic sister groups. This might
be due to most parasitic species in these groups being
hemiparasitic (and sometimes only facultatively hemipar-
asitic) rather than holoparasitic. Hemiparasitic species are
more loosely tied to host species than are holoparasitic
species (e.g., Gibson and Watkinson 1989). For hemipar-
asites we might expect the niche-expanding factors of a
parasitic trophic mode (i.e., release from constraints such
as mineral and water acquisition) to outweigh factors likely
to constrict niche breadth (i.e., additional host-related
niche parameters). This could be interpreted as further
evidence that host-use constraints (Thorogood and His-
cock 2010) are causing ecological limitation of parasitic
plant diversity.
Before this study, the primary ecological parameter that
has been associated with limits on diversity is geographic
range size (Losos and Schluter 2000; Birand et al. 2012).
This study suggests that parasitism in plants is an attribute
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of individuals (trophic mode) that is also associated with
diversity limitation. Parasites in general, including para-
sitic plants, require adaptations for living, feeding, and
reproducing on or in their hosts and for resisting host
defenses (Wiegmann et al. 1993; Thorogood and Hiscock
2010). Parasites might also need to synchronize their life
cycles with those of hosts, especially if hosts are short lived.
All plant species are constrained by some aspects of their
environment, such as pollinators (Campbell 1985; Brown
and Mitchell 2001), soil chemistry and microbial associates
(Reynolds et al. 2003), and light requirements (Kobe
1999). Parasitic plants are likely to be more ecologically
constrained than nonparasitic plants because they are sub-
ject to an extra set of host-related constraints, in addition
to the set of constraints that are shared among all terrestrial
plants (albeit indirectly in some parasites).
As noted above, attributes of individuals can alter di-
versification only indirectly though their influence on eco-
logical parameters such as population size and resource
availability (e.g., host constraints). The design of this study
does not allow us to identify the proximate, ecological
factors shaping parasitic plant diversity. Parasitic plants
might compete with their hosts for pollination services
(Ollerton et al. 2006) or might suffer a fitness cost from
interspecific pollination transfer from the host (Morales
and Traveset 2008). For host-specific parasitic species,
maximum geographic ranges are constrained by those of
hosts, although parasitic species with high host specificity
tend to occur on abundant and broadly distributed hosts
(Norton and Carpenter 1998). On the other hand, parasitic
species having low host specificity could range over geo-
graphic areas broader than occupied by any one host spe-
cies. Likewise, dispersal success should be proportional to
the abundance of host species in the environment. Where
hosts are abundant, it is possible that parasitic species
could have access to more suitable sites for development
than nonparasitic species, which must compete for light,
water, and nutrients. Finally, if parasitic species exact fit-
ness costs on their hosts, parasitism could increase ex-
tinction risk for host and parasite species alike.
In conclusion, in contrast to the widely held assumption
that phylogenetic imbalance stems from differences in di-
versification rates, differences in absolute ecological limits
on species diversities are also likely to be important, as
illustrated here for parasitic plants. In this study we find
evidence both for models of effectively unlimited diversity
and for models of diversity limitation. A combination of
approaches incorporating sister-taxon comparisons of di-
versity and age, coupled with LTT plots and diversification
model fitting of well-sampled phylogenies of focal taxa,
appears to provide a powerful test of likely causes of di-
versity and asymmetry.
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